In the fruit fly Drosophila melanogaster, locomotor activity is sexually dimorphic: female flies constantly modulate their activity pattern whereas males show a steadier, stereotyped walking pace [1] . Here, we mapped the area of the brain controlling this behavioural dimorphism. Adult male Drosophila expressing a dominant feminising transgene in a small cluster of neurons in the pars intercerebralis exhibited a female-like pattern of locomotor activity. Genetic ablation of these neurons prevented the feminisation of the locomotor activity of transgenic males. The results suggest that this cluster of neurons modulates sex-specific activity, but is not involved in initiating fly locomotion. Nor does it control male courtship behaviour, because feminisation of courtship was not correlated with the feminisation of locomotor activity. 
Results and discussion
Automatic recording of locomotor activity [1] over a 7 hour period shows that males and females have similar overall levels of locomotor activity but, in males, activity is more stereotyped, as revealed by shorter inter-count intervals (ICI): in males the distribution of ICIs [1] shows a clear mode around 9-10 seconds whereas, for females, the value is 12-18 seconds (Figure 1a) . To map the tissues controlling this sexual dimorphism, various anatomical regions of male flies were feminised by conditionally expressing the female-spliced form of the sex-determination gene transformer (UAS-tra) [2] [3] [4] . The transformer gene controls all aspects of somatic sexual differentiation [5] , acting dominantly [6] and cell autonomously [7] . Full feminisation of locomotor activity in male flies was achieved by expressing the UAS-tra transgene throughout the nervous system, using the P[elav-Gal4] strain [8] . In contrast, control heterozygous males showed no change in their behaviour (Figure 1b) . Moreover, to have an effect on locomotor activity, neuronal transformation must take place during the post-embryonic period because pan-neural expression of UAS-tra at the embryonic stage (using the P[Gal4]1407 strain [9] ) did not yield feminised locomotor activity (Figure 1c ). Taken together, these results indicate that the sexual dimorphism of fly locomotion depends on trainduced feminisation of the nervous system during postembryonic development. The neural focus controlling sexually dimorphic locomotor activity was mapped using 37 enhancer trap P[Gal4] lines that express UAS-tra in different parts of the fly nervous system including the mushroom bodies (MBs) and the central complex (CC), both of which have previously been implicated in the genesis and regulation of locomotor activity [10] [11] [12] (see Supplementary material ). Surprisingly, only four of these 37 strains (121Y, Voila [13] , 30Y and 103Y) led to feminised male activity following UAS-tra expression in the targeted tissues (Figure 1d ,e). Control males (P[Gal4] heterozygotes without UAS-tra expression) from these four strains showed typically male ICI distributions, indicating that the targeted expression of the feminising transgene is sufficient to change sex-specific adult locomotor activity. As expected, P[Gal4] × UAS-tra females did not show any significant effect when compared with control females.
To determine whether these four strains had any overlapping neural expression that might be a candidate region for the control of this sexually dimorphic behaviour, three methods were used. The four P[Gal4] lines were examined by standard microscopy after expression of either Gal4-driven β-galactosidase (revealed by X-gal staining) or Tau protein (revealed by immunolocalisation with anti-Tau antibody), or by confocal microscopy after expression of the green fluorescent protein (GFP S65T ; Figure 2 ). In all lines, the expression pattern was very similar for the three reporter genes. In the four feminised strains, overlapping expression was particularly noted in a small cluster of neurons located in the anterior part of the pars intercerebralis (PI; Figure 2 , first and second columns). The restricted expression pattern in this PI cluster was particularly conspicuous in the two strains Voila and 30Y, where only a few neurons (< 10) did express Gal4. Although some of the 33 other tested strains (which did not feminise male locomotor activity) showed an expression in the PI, none expressed Gal4 in this peculiar subset of PI cells. The four 'positive' strains also showed various expression in the MBs, in the ellipsoid body of the CC and in a number of scattered neurons in other parts of the brain. It is unlikely that these regions are responsible for the sexually dimorphic behaviour, however. First, many 'negative' P[Gal4] strains also expressed Gal4 in various subsets of the MBs or of the CC, sometimes with a very strong expression in either of these neural structures. Second, four negative strains (117Y, 238Y, C35, and C739; see Supplementary material) showed strong Gal4 expression in the primordium of the developing MBs during embryonic and first instar larval stages [14] .
Further evidence that this tiny PI cluster controls sex-specific locomotion, was derived from the mutant ocelliless 1 (oc 1 ) [15] . In this strain, the protocerebral bridge and some PI cells are missing [12, 16] . Close anatomical inspection of male and female oc 1 flies carrying one of the four Gal4 insertions and a GFP reporter gene revealed that the missing part of the PI included the small cluster of neurons (see Figure 2 , third column). Interestingly, it has been reported that the pattern of locomotor activity is altered in oc 1 flies. The sexual dimorphism is not abolished, however. In males and females, the pattern is shifted to longer ICIs [12] . We examined the activity patterns of males expressing UAS-tra under the control of each of the four feminising P[Gal4] insertions in an oc 1 mutant background. In none of them did the dominant feminising tra transgene exert an effect. The male flies still showed the locomotor activity pattern of oc 1 mutant males (Figure 1f ).
Several conclusions can be drawn. First, the coincidence of the missing PI cluster and the altered locomotor activity pattern in oc 1 suggests that the PI cluster controls the dimorphic behaviour. Second, the PI cluster is probably responsible for the feminising effect of the tra transgene, because eliminating the cluster blocked the effect. Third, the PI cluster is not essential for the sexual dimorphism in locomotor activity as, in the absence of the cluster, a sexually dimorphic activity pattern is still observed, although at an altogether lower level. A parsimonious explanation of the data would be to assume that, in the absence of the PI cluster, other (as yet unknown) neuronal circuits provide a sexually dimorphic low-level locomotor activity pattern which is superseded by the pattern of the PI cluster.
Locomotor activity is a basic component of the complex behaviours involved in survival and reproduction. Previous studies have shown that locomotor activity has an important role during Drosophila courtship behaviour, with notable differences between the sexes [17] [18] [19] . Interestingly, a focus located in the posterior dorsal part of the brain (apparently the mid-posterior part of the PI) seems to control the initiation of male courtship behaviour [20, 21] . Nevertheless, the neural substrate that modulates locomotor activity is not involved in the control of courtship: males from the four P[Gal4]/P[UAS-tra] lines (that is, feminised in the tiny PI cluster) showed varied effects on their courtship. Following expression of UAS-tra, two lines (103Y-tra and Voila-tra) showed bisexual orientation, whereas the other two showed clear heterosexual orientation (Figure 3) . We have shown that locomotor activity is partly controlled by a few neurons located in the mid-anterior part of the PI. Several of the neurons in the PI are known to be neurosecretory [22, 23] . In the locust, a subgroup of these neurons (A and B) send projections into the corpora cardiaca which connect to the corpora allata [23] and may be dopaminergic [24] . Although A and B neurons have not yet been identified in Drosophila, experimental and genetic variation of dopamine levels leads to changes in both spontaneous [25] and sex-specific locomotor behaviours [26, 27] . A direct role of corpora cardiaca and corpora allata in determining sex-specific locomotor activity is unlikely, however, because the feminisation of these structures (Gal4 strains MZ142 and 10B [28] ; see Supplementary material) did not affect male locomotion.
The cells in the PI cluster need to be precisely characterised in order to understand how they modulate locomotor activity in a sexually dimorphic manner. This sexual difference could arise from a structural dimorphism in the fine arborisation of the synaptic connections of these neurons [29] , but it seems more likely that it is caused by a variation in the level of a neuromodulator controlled by these PI cells. If this is the case, Drosophila could become an attractive model system for studying the role of neurosecretory substances causing sexually dimorphic behaviours.
Materials and methods

Flies
Stocks were maintained at 25°C on a standard food. Strains used in this study are listed in Supplementary material. We used the gene transformer, downstream of four UAS GAL4 enhancer elements (P[UAS-tra]). As Gal4-directed transformer expression was tested in flies heterozygous for both the P[Gal4] and P[UAS-tra] constructs, the corresponding heterozygous P[Gal4]/Canton S (CS) flies were tested as controls.
Measuring walking activity
Activity was measured in a small transparent rectangular chamber In the CC, a band in the fan-shaped body and a ring surrounding the ellipsoid body were stained. Some scattered neurons in the protocerebrum are also stained. The expression pattern of these four strains was also determined in third instar larvae: in all cases, Gal4 expression was seen in various parts of the brain and in the thoracic ganglia but the expression patterns were different and there was no overlap (data not shown). The scale bar represents 50 µm. (1) and no passage as (0). A moist filter paper provided humidity for the fly. Three-day-old males and mated females were tested in complete darkness. All experiments were performed at 24°C, at 50-60% relative humidity and at the same time of day starting at 18:00 hours to avoid circadian variations. Data recording and analysis were programmed in C++ (Microsoft Visual C++). For statistical tests Statistica (StatSoft) was used [1] .
Supplementary material
Supplementary material including a table of strains tested is available at http://current-biology.com/supmat/supmatin.htm. 
